It is universally known that the preparation of high quality graphene on a large scale and in a cost-effective manner is essential for many technological applications. Graphene oxide (GO) has emerged as the precursor of choice for bulk production of graphene-based materials, as it can be synthesized from inexpensive graphite powders. In this paper, a simple method is described for reduction of GO solution by a free and green irradiation based technique. The majority of oxygencontaining functional groups of GO are removed by sun light. This methodology provides an effective way to quantitatively produce high quality graphene sheets. This paper presents irradiation by sun light of synthesized graphene oxide nano-flakes prepared by Hummer's method. These nano-flakes have been successfully reduced while the dynamic of this irradiation process is discussed. The irradiated nano-flakes of graphene oxide have been investigated using X-Ray diffraction, ATR-FTIR and UV-Vis-NIR.
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honeycomb lattice. By definition it is the basic building block for graphitic materials of all other dimensionalities as shown in Figure 1 . Graphene has unique physical, chemical and mechanical properties [1] [2] . It is the first known two-dimensional material which has a singular band structure, and its valence band and conduction band are touching each other [1] .
This most talked about material is mostly uncounted in nature in the form of graphite, which is merely a stack of graphene layers held together by van der Waals interactions [1] . It has attracted a lot of interest in the research community [3] [4] due to its potential applications in electrochemical devices, heat insulation, and also as a transparent and flexible semiconductor. A combination of graphene properties makes it suitable as a replacement of the expensive indium tin oxide (ITO) [5] - [7] . Theoretically it is the strongest material ever due to the sp 2 carbon-carbon bond configuration [1] . Graphene has high electron mobility and electrons can travel freely through it for long distances without being deviated [8] . This makes graphene a very appealing material for fast transistors [8] . It is universally known that the preparation of high quality graphene on a large scale and in a cost-effective manner is essential for many technological applications. Graphene oxide (GO) has emerged as the precursor of choice for bulk production of graphene-based materials, as it can be synthesized from inexpensive graphite powders. Several techniques have been developed to reduce GO to graphene, including chemical reduction and thermal annealing. Recently, photo reduction of GO has been carried out using flash reduction irradiation with a 663 nm continuous-wave (CW) laser as well as a 790 nm femto-second laser irradiation. Unfortunately, the effective reducing agents are generally toxic while the laser based photo-reduction techniques are expensive.
In this paper, a simple method is described for reduction of GO solution by a free and green irradiation based technique. The majority of oxygen-containing functional groups of GO are removed by sun light. This methodology provides an effective way to quantitatively produce high quality graphene sheets via the solar irradiation of graphene oxide solutions.
Chemical Reduction of Graphene Oxide Nano-Sheets
As it is shared by various scientific disciplines, stretching from cosmology to material sciences, Carbon and Hydrogen are among the universal and basic elements of the Mendeleev periodic table. Carbon possesses various allotropes including diamond, graphitic carbon, carbon nanotubes, fullerenes, and the recently synthesized graphene. Graphene nanosheets are atomically thick, 2-D platelets exhibiting carbon atoms in hexagonal honeycomb arrangements [1] . These sp 2 hybridized atomic scaled sheets of Carbon possess a substantial set of unique desirable properties. This latter singular set includes a large mechanical stiffness of about 1 TPa [2] , a significant thermal conductivity of the order of 5 × 10 3 W/m −1
•K −1 [3] and an exceptional charge carrier mobility of the order of 25 × 10 4 cm 2 /V −1
•s −1 [4] . Consequentially, graphene is being studied for various promising and potential use in a variety of physicalchemical applications that exploit these remarkable properties [5] [6] ranging from gas sensors [7] to lithium-ion battery electrodes including the emerging graphene based transparent electrodes field [8] [9] .
As well established, the primary synthetic procedure for producing processable quantities of colloidal graphene, known also as highly reduced graphene oxide (HRGO) [10] , entails the reduction of aqueous or organic dispersions of GO [11] , a highly oxidized derivative of graphene possessing various oxygen-containing functional groups such as epoxy, hydroxyl, carbonyl, and carboxyl [12] - [16] . These groups, noticed on both the edge as well as on the basal plane of the nanosheets, acquaint sp 3 defect sites to the nanosheets, distorting the intrinsic conjugated π system and bringing down the overall strength and electrical conductivity [17] .
The reactivity of these groups creates graphene oxide nanosheets extremely attractive as building blocks for a wide range of macroscopic structures, as they can be readily functionalized and or modified with a variety of surfactants [18] [19] . Current reduction methods for producing graphene nano-suspensions from graphene oxide typically afford nanosheets with high C/O ratios ( ~10 10 ) that exhibit good electrical conductivity, but are effectively inactive for chemical functionalization due to the low density of reactive groups remaining on the sheet surface. The main approach comprises the full exfoliation of GO into individual GO sheets followed by their in-situ reduction to produce individual graphene-like sheets.
More precisely, GO is synthesized by the oxidative treatment of graphite via one of three principal methods developed by Brodie [18] , Hummers [19] , and Staudenmeier [20] , respectively. It still keeps a layered structure, but is very lighter in color than graphite due to the loss of electronic conjugation brought about by the oxidation phase. Compared to HRGO sheets, and according to the most recent studies [21] - [25] , GO comprises of oxidized graphene sheets having their basal planes decorated mostly with epoxide and hydroxyl groups, in addition to carbonyl and carboxyl groups located presumably at the edges (Lerf-Klinowski model). These oxygen functionalities provide the graphene oxide layers of GO hydrophilic and water molecules can readily intercalate into the interlayer galleries. GO can therefore be considered of as a graphite-type intercalation compound with both covalently bound oxygen and non-covalently bound water between the carbon layers. Indeed, rapid heating of GO results in its expansion and delamination caused by rapid evaporation of the intercalated water and evolution of gases produced by thermal pyrolysis of the oxygen-containing functional groups [26] .
Such thermal treatment has recently been proposed to be capable of making individual functionalized graphene sheets. GO is electrically insulating and thus cannot be used, without further processing, as a conductive nanomaterial. On top of that, the existence of the oxygen functional groups makes GO thermally unstable, as it undergoes pyrolysis at high temperatures [27] [28] . Notably, it has been exhibited that the electrical conductivity of GO can be revived close to the level of graphite by chemical reduction [26] . The research of reductions of GO is still at an early stage. To that end, various chemical reductions of exfoliated graphene oxide sheets with several reducing agents were carried out and it was that found hydrazine hydrate (H 2 NNH 2 -H 2 O) to be the best one in producing very thin graphene-like sheets, consistent with previous reports of Stankovich et al. [16] [29].
Light Photo-Induced Reduction of Graphene Oxide Nano-Sheets
Given the worldwide interest in the large scale preparation of graphene-based materials [6] , the international concerned community set out to develop a general and reproducible approach for the preparation of graphene sheets from graphite at a mass scale and a competitive cost. Yet, this latter strategy is based on GO or HRGO as basic graphene precursors. The usage of light as a mean to reduce GO nano-flakes to graphene nano-sheets is an attractive path. Indeed, laser induced graphite oxide/graphene transformation in films was confirmed by Liu et al. [30] , Sokolov et al. [31] , and Zhang et al. [32] . In addition, Trusovas et al. [33] have recently demonstrated the direct local formation of few layers of graphene by direct laser writing on thin films of graphene oxide in the pico-regime.
More precisely, with a standard NdYAG irradiation of a fluence varying between 0.01 J/cm 2 to 0.3 J/cm 2 and a repetition rate of about 100 kHz in air, the resistance of the GO decreases by 4 to 5 orders of magnitude. By conducting additional experiments in nitrogen and argon atmosphere, they have succeeded to achieve higher I 2G /I D ratio in Raman spectra. In the femto-regime, Zhang et al. demonstrated the direct imprinting of microcircuits of graphene on graphene oxide films by femtosecond laser reduction. More precisely, it was clearly evidenced that the surface height of the micro-patterns was lower than the rest of the film due to the loss of oxy-gen's as confirmed by XPS and XRD investigations. The corresponding electric resistivity and conductivity of reduced graphene were found to have a strong dependence on the output of the femtosecond laser source while the current-voltage of the synthesized graphene based micro-circuits showed typical linear relationship, indicating the stable conductivities. Overall, the laser irradiation reduction of graphene oxide might have a way to graphene based nano-electronics.
In addition to IR laser reduction of GO in both femto and picosecond regimes as previously highlighted, Rao et al. [34] extended the study to VIS and UV laser radiations based reduction. More specifically, effect of irradiation on graphene oxide by UV radiation based light and KrF excimer laser has been investigated. Ultraviolet light reduce graphene oxide well after prolonged irradiation, yet the KrF laser irradiation produces graphene with negligible oxygen functionalities within a relatively short time.
In this study, the graphite oxide was prepared by the standard modified Hummer's method with graphite oxide readily forming a stable colloidal suspension in water. The aqueous suspension was subjected to ultrasonic treatment. The GO solution was taken in glass tubes which were exposed to sun light for a few hours. In such experiments, the initial GO solution in water medium was brownish yellow in color. It gradually turned reddish after about 2 h of irradiation. It finally turned black in color after 10 h of irradiation. The color change of the graphene oxide from brownish yellow to black was a clear evidence of the occurrence of reduction phenomenon. From the IR spectra, it was observed that the intensity of the carbonyl stretching band decreased substantially after 10 hour irradiation. Similarly, the intensities of bands due to other oxygen containing functional groups also decreased after the prolonged irradiation.
Through a careful ATR-FTIR investigation, it was observed that the intensity of the carbonyl stretching band in the IR spectrum decreased markedly after irradiation for 2 h. Bands due to other oxygen containing functional groups disappeared upon irradiation. The brownish yellow colour of the graphene oxide solution started to become deeper brownish red even after short irradiation.
This concurred with the near disappearance of the carbonyl stretching band as well as of other bands due to oxygen functionalities after 2 h of irradiation in the IR spectrum.
Synthesis of Graphene Oxide Nano-Sheets
The graphite used in this work was purchased from Sigma-Aldrich. We synthesized graphene nanopowder using Hummers method which involved the exfoliation of graphite in the presence of strong acids and oxidants as described earlier. More specifically, 1.5 g of natural flake graphite powder was added to 35 ml of cold (0˚C) concentrated H 2 SO 4 . Then, 4.5 g of KMnO 4 was added gradually with stirring and cooling in an ice bath. The mixture was then stirred at 40˚C for 2 h. Distilled water (70 ml) was slowly added to the mixture and the temperature of the mixture was maintained below 100˚C for about 15 min. After that, 210 ml of 30% H 2 O 2 solution was added to the mixture. Finally, the product was filtered with 400 ml of 10% HCl aqueous solution to remove metal ions and then thoroughly washed five times with distilled water. Diluted solution of few layered graphene oxide (FLGO) was prepared by the dispersion (via ultrasound for 1 hour) of 0.1g of the brown yellow powder in 200 ml of distilled water. For samples preparation we filled glass tubes with 10 ml of FLGO solution for been exposed to sun light.
Results and Discussion
X-Rays Diffraction Investigations
The crystallinity of the reduced graphene oxide by sun light was investigated and compared with graphene oxide via the X-rays Diffraction (XRD) patterns of dried films deposited onto silicon substrates. Figure 2 depicts typical XRD profiles of this exposure.
The comparison of the typical peaks observed for the GO and RGO films showed the disappearance of GO peak and the appearance of peaks characteristics of reduced graphene oxide which found to be agglomerated as confirmed by the narrow FWHM of its peaks.
The peak located at around 2θ = 21˚ corresponds to the (100), suggested significant changes in the crystal structure of GO and confirmed the reduction of GO. In addition, several oxygen functionalities were reduced from the basal plan and afforded reduced GO structure with interlayer spacing of 0.41 nm (2θ = 23˚) corresponding to the diffraction of the (002) plane.
The dynamic of this reduction can be followed by the ratio of the two intensities I 1 /I 2 (related to the mentioned peaks) which increase value with the time of exposition due to the minimization of oxygen incorporation. Figure 3 depicts a typical ATR-FTIR patterns of GO irradiated by sun light for different durations. From the ATR-FTIR spectra, we see that the intensity of the carbonyl stretching band decreases substantially after 2 hours irradiation.
ATR-FTIR Spectroscopy Investigations
Similarly, the intensities of other bands due to other oxygen containing functional groups also decrease after the prolonged irradiation. At 1620 cm −1 (skeletal vibrations from un-oxidized graphitic domains), at 1220 cm −1
(C-OH stretching vibrations), at 1060 cm −1 (C-O stretching vibrations), and stretching vibrations from C=O at 1720 cm −1 due to the remaining of carboxyl groups and the vibration modes of epoxide (C-O-C) at (1230 -1320 cm −1 , asymmetric stretching at 850 cm −1 , bending motion). Figure 4 depicts the UV-VIS-NIR absorbance spectra of the various photo-reduced GO nano-solutions under sun light for various exposure time. In all corresponding spectra, the specific absorbance in the UV-VIS-NIR range quasi-disappear and are smoothened on a wide spectral range. This behavior seems to start at about the threshold exposure time of about 4. After 8h of irradiation, it seems that there is a stabilization of the photo-reduction process.
UV-VIS-NIR Absorbance Spectroscopy Investigations
The color change of the graphene oxide from brownish yellow to black is a clear evidence of the occurrence of reduction via sun light irradiation. Hence, the dynamic of photo-reduction by this radiation can be followed easily with UV-UVIS-NIR absorbance spectroscopy. Indeed, the GO absorbance spectrum is known by the presence of three principal peaks, the main absorbance peak attributed to the π → π * transitions of C-C occurs at around 225 nm, the broad absorption spectra extended up to 1500 nm indicating a well-defined band-edge in the UV-VIS-NIR energy range and a shoulder around 320 nm may be attributed to the π → π * transitions of C-O. The Transformation of GO in our samples, reduced by sun light, is confirmed by the slow disappearance of C-C band centered at around 225 nm and its shifting to 260 nm upon exposition time most likely due to the decrease in the concentration of carboxyl groups shown in Figure 3 indicating that the electronic conjugation within the reduced graphene sheets was revived upon reduction of graphene oxide.
When graphitic materials which can undergo chemical transformations are irradiated with a light source, there can be three possible effects: a) light radiation does not get absorbed by the material (in this case, solid-liquid interface will be heated); b) it gets absorbed but is not sufficient for the chemical transformation and c) it is utilized for the chemical transformation. Distinguishing between the possible reduction mechanisms and understanding their dynamics is challenging but is important from both a fundamental and applied point of view. While the thermal reduction of GO is universally known, its photoinduced reduction mechanism still attracting researchers. Hence, some processes were proposed to understand this photoinduced transformation. A recent model was proposed [35] for GO photoreduction in water: the ultraviolet light (4.6 eV) is absorbed by the solvent through a nonlinear process. This process excites the water above its photoionization threshold (6.5 eV) leading to the generation of solvated electrons [36] , which are then responsible for the production of rGO.
The process which could be at the origin of this photo-induced reduction can be described by the following reaction equations 
Conclusion
From this experiment the authors managed to irradiate graphene nano-flakes under sun light to produce graphene sheets solutions. Although sun light irradiation is an attractive approach, there are some factors that restrain its performance. The sun radiations are carried out successfully and the most interesting results are obtained after 4 hours treatment. This methodology provides an effective way to quantitatively produce high quality graphene sheets.
